Multiwalled carbon nanotubes (MWCNTs) were modified by oxidizing agent to obtain O-MWCNTs, and the surface of it was coated with active group. 4,4′-Diaminodiphenylmethane bismaleimide (MBMI) was used as matrix, 3,3′-diallyl bisphenol A (BBA) and bisphenol-A diallyl ether (BBE) were used as reactive diluent, polyethersulfone (PES) as toughening agent, and OMWCNTs as modifier; OMWCNT/PES-MBAE composite was prepared through in situ sol-gel method. The effect of PES and OMWCNTs on the mechanical and dielectric properties of composite was analyzed, and the microstructure was examined by transmission electron microscope (TEM) and scanning electron microscope (SEM). The mechanism of composite toughened by PES and OMWCNTs was observed and analyzed. The results showed that Diels-Alder reaction between MBMI and allyl compounds occurred completely and unsaturated double bond disappeared. O-MWCNTs and PES resin dispersed smoothly in polymer matrix and were used as reinforcement, and PES resin and O-MWCNTs could synergistically improve the properties of the composite and exhibited a typical ductile fracture. The impact and bending strengths were 16.09 kJ/m 2 and 153.57 MPa, which were 74.32% and 53.08% higher than those of the MBAE matrix, respectively, and the dielectric constant and the dielectric loss were 3.76 (100 Hz) and 2.79 × 10 −3 (100 Hz), when the content of PES was 2 wt% and O-MWCNTs was 0.02 wt%. The outstanding properties of the material made it play an important role in high-performance insulating material applications.
Introduction
Bismaleimide (BMI) is a kind of outstanding polymer matrix; due to its excellent processability, heat resistance, radiation resistance, and good insulation properties, it is widely used in aerospace field and electrical insulating materials, such as aircraft floor, isolation wall, exhaust system and piping, and other components. In addition, combined with carbon fiber, it can also be used for aircraft bearing or nonbearing structural parts, wing skin, tail, aircraft fuselage, and skeleton. However, unmodified BMI cannot meet the requirements of processing and using; due to its high brittleness and bad shock resistance, the toughening modification of BMI resin is a hot topic all the time [ [3] . Ji and coworkers reported that a reactive hyperbranched polysiloxane (HPSiE) terminated by epoxy groups was designed and synthesized to develop a novel high-performance modified bismaleimidetriazine resin, resulting in an impact strength of 16.5 kJ/m 2 [4] . Yan et al. prepared novel bismaleimide nanocomposites with Si 3 N 4 nanoparticles; the highest impact strength and flexural strength were 15 kJ/m 2 and 85 MPa, respectively [5] . These studies have improved the properties of bismaleimide resin to some extent. Polyethersulfone (PES) is one of the most widely used special engineering plastics; it has excellent heat resistance, physical and mechanical properties, insulation properties, and so on; and it can keep the stability of performance at high temperatures and can be usually used as a toughening agent to improve the toughness of BMI resin [6, 7] .
In recent years, carbon nanotechnology has been the focus of research and is widely used in many fields, due to their excellent physical and chemical properties, and the development of carbon nanomaterials has promoted the progress in materials, medicine, chemical engineering, artificial intelligence, and other fields. Multiwalled carbon nanotube (MWCNT) is a new type of high-strength carbon material, which has unusual mechanical, electrical, and chemical properties, and it is usually used as effective reinforcement of the composite; exhibits good strength, elasticity, fatigue resistance, and isotropy; and greatly improves the performances of the composite [8] [9] [10] . Unmodified MWCNTs are prone to reunite in the polymer matrix, so the modification of MWCNTs is very important [11, 12] . In this paper, multiwalled carbon nanotubes (MWCNTs) were modified by concentrated sulfuric acid to obtain O-MWCNTs. 4,4′-Diaminodiphenylmethane bismaleimide (MBMI) was used as matrix, 3,3′-diallyl bisphenol A (BBA) and bisphenol-A diallyl ether (BBE) were used as reactive diluent to synthesize polymer matrix (MBAE), polyethersulfone (PES) was used as toughening agent, and OMWCNTs was used as modifier; O-MWCNT/PES-MBAE composite was prepared through in situ sol-gel method. And then, the morphology of MWCNTs and O-MWCNT/ PES-MBAE composite was observed by TEM and SEM, respectively. Furthermore, the mechanical and dielectric properties of the composite were discussed; PES and OMWCNTs have a good compatibility with the resin matrix and can synergistically toughen the resin matrix. The study can provide a valuable reference for further application of BMI resin in the engineering field. 
Experimental

Modification of MWCNTs. Four grams of pristine
MWCNTs and 100 ml solution of sulfuric acid and nitric acid mixture with a volume ratio of 3 : 1 were added into a round bottom flask, MWCNT/acid mixture flask was sonicated for 20 min in an ultrasonic bath at 70°C in order to prevent agglomeration of MWCNTs, then the cooled mixture was diluted with deionized water and washed subsequently until the pH value was about 7, and finally O-MWCNTs were obtained by the removal of residual solvent under vacuum.
Preparation of O-MWCNT/PES-MBAE Composite.
The mixed solution of BBA and BBE was gotten in a mass ratio of 3 : 2, transferred to a three-necked flask, and stirred for 15 min at 70°C in an ultrasonic cleaner; O-MWCNTs were added into the solution and stirred for 2 h. Then, PES resin was added into the mixture at 170°C and finally stirred until they were dispersed evenly. MBMI was dispersed in the above solution at 130°C and obtained a uniform mixture, and the mixture was removed to a preheated mold and was in a vacuum oven. The curing process was carried out at five steps; 130°C/1 h, +150°C/1 h, +180°C/1 h, +200°C/1 h, and +230°C/1 h. The samples were numbered as in Table 1 .
Measurements.
The surface morphology of O-MWCNTs and composites were characterized by transmission electron microscope (TEM, JEM-2100 UHR, JEOL Ltd., Tokyo, Japan) and by scanning electron microscope (SEM, JAPA). Samples were deposited on a sample holder with adhesive carbon foil and were sputtered with gold.
The FT-IR spectra, which were used to study the chemical structure of the materials, were performed with an Equinox-55 Fourier-transform spectrometer (GER), in the 400-4000 cm −1 range. And it could be seen that there existed the characteristic absorption peaks of the materials.
The impact strength of specimens was tested by Charpy impact machine tester (Jinan Huaxing Laboratory Equipment Co. Ltd.), according to the standard of GB/T 2567-2008, and the specimens needed no bubbles, cracks, scars, and other defects. For each sample, five measurements were made at least and the average value was taken; the test was carried out at room temperature.
The bending strength of samples was tested by CSS-44300 electronic testing machine (Shanghai Technical Instrument Co. Ltd., CHN) according to the standard of GB/T 2567-2008. Standard of bending strength experiments was performed at room temperature, with a speed of 2 mm/ min. For each sample, five measurements were made at least and the average value was taken.
Dielectric constant (ε) and dielectric loss (tanδ) of the composite material were measured with Agilent-4292A 
Results and Discussions
FT-IR Spectral Analysis. FT-IR spectra of MWCNTs and
O-MWCNTs were presented in Figure 1 . The peak at 1450 cm −1 was the stretching vibration of carbon skeleton, and the peaks at 2923 cm −1 and 1384 cm −1 were the asymmetrical stretching vibration of -CH 2 -and the symmetrical bending vibration of -CH 3 -, respectively. The broad peak at 3448 cm −1 was the stretching vibration of intermolecular associative -OH in curve b, and the peaks at 1635 cm −1 and 710 cm −1 were the stretching vibration of -C=O and S-O, respectively. It revealed that a certain amount of carboxyl groups has been deposited in the surface of OMWCNTs [13] .
FT-IR spectra of materials were exhibited in Figure 2 . The curves a, b, c, and d represented MBMI resin, MBAE matrix, PES-MBAE, and O-MWCNT/PES-MBAE composite, respectively.
In curve a, the peak at 3106 cm −1 was caused by the stretching vibration of C=C in MBMI; however, this characteristic peak vanished in curves b, c, and d. The emergence of this phenomenon corroborated that the Diels-Alder reaction between MBMI and allyl compounds has taken place [14] . In curves a, b, c, and d, the peaks at 1700 cm −1 and 1500 cm −1 were the stretching vibration of C=O and the stretching vibration of C=C in the benzene ring skeleton, respectively. The peak at 1160 cm −1 was the stretching vibration of O=S=O in curves c and d. The peak of curve d at 1260 cm −1 was caused by the stretching vibration of C-O and indicated that the O-MWCNTs have been doped to the composite [15] . The results of FT-IR spectra suggested that O-MWCNT/PES-MBAE composite has been prepared successfully. In Figure 3 (a), it would be seen that MWCNTs were scrolls and intertwined and exhibited nanowire-like morphology and a smooth surface with nothing adhering to them, as it was a stable structure of C=C bond and had no active group. The oxidation of MWCNTs by strong acid treatment significantly alters the surface roughness of nanotubes. Figures 3(b) and 3(c) showed that the reunion of O-MWCNTs weakened, the ratio of length and diameter did not change, and its walls became rough and had many active cross-linking points; this was because there were more defects on its surface; hydroxy groups and carboxyl groups appeared at the defects to form active crosslinking points [16] . The energy spectrum was used to analyze element component in order to explore the function of modification. Figure 3(d) shows the energy-spectra of OMWCNTs; the surface of the marked area was broken and formed hollow. In the selected area, C element was dominant; the weight ratio of N, O, and S elements was lower, 1.7 wt%, 2.7 wt%, and 0.3 wt%; the nitrified degree and sulfonated degree were about 7.65% and 0.92%, respectively. It is indicated that the surface of O-MWCNTs had active groups of −SO 3 H and −NO 2 ; these polar groups could make the compatibility better between MWCNTs and resin matrix and do not destroy the structure of MWCNTs [17, 18] . [19] . It could be seen that the PES particles were inlaid in the matrix and presented as a two-phase structure in the composite. The cross-section surface of PES-MABE had obvious microcracks, and the fracture was ductile; the main reason was that the PES phase evenly dispersed in continuous MABE phase and the interaction between two phases was strong. The material would crack along the direction of the force when the composite suffered external force; a great number of microcracks formed as the interface function between two phases combined well and played a role of toughening effects [20, 21] . The formation of microcracks and shear zone could absorb a quantity of energy and cause a ductile fracture. SEM pictures of sample B2 were displayed in Figures 4(e) and 4(f); it could be distinctly seen that PES resin and OMWCNTs were uniformly dispersed in the matrix; due to the presence of active groups on the surface of O-MWCNTs, these groups could cross-bond with polar groups of the matrix and PES resin [22] , and O-MWCNTs and PES resin had synergistical toughening effects. The mutual entanglement between MWCNTs was weakened, and the interaction with the matrix was enhanced, thereby, to improve the dispersion of the PES resin in the matrix. In addition, there are mutual infiltration and interpenetration between PES resin and the matrix. When the PES phase encountered the external force during the fracture process, the cracks were passivated, and the direction of the cracks had changed. This effect was beneficial to improve the performance of the composite; meanwhile, there are polar groups on the surface of O-MWCNTs and PES resin, and they would form a synergistic effect [23] [24] [25] . When the composite suffered external force, this synergistic effect would hinder the development of microcracks and absorb a quantity of energy to enhance the interaction between the phase interfaces. Therefore, the composite of O-MWCNTs/PES-MBAE exhibited a typical ductile fracture.
Mechanical Properties of Composite.
Impact strength and bending strength were two important indicators of mechanical properties; their results were shown in Table 2 . Their tendency was increased first and then decreased, and the properties of sample B2 was the best; impact strength and bending strength were 16.09 kJ/m 2 and 153.57 MPa, which were higher by 74.32% and 53.08% than that of sample A, respectively. This indicated that PES resin and O-MWCNTs had a great influence on the mechanical properties of composites to some extent. The main reasons were that the PES resin could disperse in the polymer matrix and present a two-phase structure according to the SEM results, and the toughening theory of PES accorded with outside toughening mechanism; the interfaces formed due to the interaction among continuous phase (MBAE), PES, and OMWCNTs. Additionally, O-MWCNTs had good compatibility with the system and could be evenly dispersed in the matrix resin and simultaneously formed a synergistic effect with the PES resin. The interaction among three components was enhanced, which effectively prevented the development of cracks and absorbed more energy when the material was broken. In the bending process of material, the external force firstly caused stress yield and a large number of silver streak and microcracks appeared inside the material and finally formed a macroscopic fracture [26] . O-MWCNTs could effectively suppress the development of microcracks in the yielding process of material and could block the microcracks and change its developing direction to make the microcracks develop irregularly; when the silver streak or microcracks appeared, it was beneficial to improve the mechanical properties of the composite.
Dielectric Properties of Composite.
Dielectric constant and dielectric loss were two important characteristic indicators of the dielectric materials. The internal factors of influencing dielectric constant were the condition of dielectric polarization and polarization divided into electronic polarization, atomic polarization, orientation polarization, and interfacial polarization according to different molecular polarization mechanisms. The dielectric constant of polar molecule depended on the orientation polarization and increased with the increasing of polarization extent. Figure 5 displayed the dielectric constant curves of the composite. The permittivity of the composite decreased gradually with the increasing frequency (from 10 2 to 10 6 Hz); nevertheless, the rate of descent was accelerated when the frequency was over 10 4 Hz. At low frequency, the dielectric constant varied slowly, the period of the variation was much longer than the relaxation time, and the polarization was completely comparable to the electric field. At high frequency, the electric field varied rapidly, the period was very short and almost much shorter than the relaxation time, the relaxation polarization could not keep up with the variation of the electric field, and the instantaneous polarization occurred; it led to the decrease of the permittivity [27] .
The permittivity of sample B0 was higher than that of sample A. On the one hand, the PES resin contained polar groups and the density of the polar groups increased. On the other hand, the PES resin formed an interface with the matrix resin, which could absorb a large amount of charge and initiate interface polarization; therefore, the permittivity of materials increased slightly.
The dielectric constant of O-MWCNT/PES-MBAE composite was lower than that of sample B0, and sample A was 5 Journal of Nanomaterials the lowest at the same frequency. Commonly, the addition of O-MWCNTs would increase the conductivity and decrease the dielectric constant. However, with the increase of O-MWCNT doping content, the binding density increased, the chain segment motion of polymer was hindered by the binding entanglement effect, and the orientation polarization of the dipole in the system was restrained. Due to a little doping amount of O-MWCNTs, the effect of binding entanglement played a dominant role, resulting in the decrease of dielectric constant [28] . When the content of O-MWCNTs was 0.04 wt%, the interface interaction between the O-MWCNTs and the resin matrix increased, the binding effect of carriers in the interface overlap region was weakened, the interfacial polarization was enhanced, and the migration of carriers became easy, so the permittivity of materials increased. Figure 6 showed the dielectric loss curves of the composite; the frequency was from 10 2 Hz to 10 6 Hz. The dielectric loss of the composite was 0.002 to 0.004 with the slight fluctuation at low frequency (10 2 -10 3 Hz), but the dielectric loss increased rapidly at 10 3 Hz-10 5 Hz. The reasons were probably that the polarization could completely keep up with the change of the electric field at low frequency, and the absorbed energy could be returned to the electric field in time, so the dielectric loss was smaller. At high frequency, the orientation polarization needed to overcome the internal resistance of the material, while the dipole steering lagged behind the variation of the electric field and the relaxation phenomenon was obvious [29] . When the frequency was adequately high, the orientation polarization needed a long time in the relaxation process, so the variation of the dielectric loss was small at this time.
The dielectric loss of sample A was the lowest, sample B0 was the second, and the dielectric loss of O-MWCNTs/PES-MBAE composite was slightly higher than that of the others at the same frequency. This phenomenon could be explained as follows: the cross-linking density declined because the PES resin presented as a two-phase structure in the matrix, and the friction resistance increased due to the interaction between PES and matrix. A large number of interfaces were formed, which caused the dipole's steering to be suppressed, and more energy was required to overcome the friction resistance. At the same time, the PES resin carried with polar groups and the relaxation polarization ability increased, so the dielectric loss of sample B0 increased [30, 31] . Additionally, O-MWCNTs may carry with carriers to material and generate a conductive current when the electric field was applied to the composite. Therefore, the dielectric loss increased with the addition of O-MWCNTs. Because the content of O-MWCNTs was very low, the dielectric loss was still ideal, and the insulation performance of the composite material could meet the applied requirement.
Conclusions
O-MWCNTs have good compatibility with the polymer matrix, the Diels-Alder reaction between MBMI and allyl compounds has taken place, and the O-MWCNT/PES-MBAE composite has been prepared. PES resin evenly disperses in a "honeycomb" two-phase structure in the MBAE matrix. PES resin and O-MWCNTs can synergistically toughen the composite, and O-MWCNTs/PES-MBAE composite exhibits a typical ductile fracture. The comprehensive performance of O-MWCNT/PES-MBAE composite is the best when the content of PES resin is 2 wt% and OMWCNTs is 0.02 wt%; the impact and bending strengths are 16.09 kJ/m 2 and 153.57 MPa, which are 74.32% and 53.08% higher than those of MBAE matrix, respectively. The permittivity and the dielectric loss of O-MWCNT/ PES-MBAE composite are 3.76 (100 Hz) and 2.79 × 10 −3 (100 Hz). O-MWCNTs could greatly improve the mechanical properties of the composite material, and its dielectric properties have decreased slightly; its performance could meet the requirement of insulating material. Journal of Nanomaterials
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